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Abstrat The eieny of a rapidly spinning Kerr blak hole to turn aretion
power into observable power an attain 32 perent for the photon emis-
sion from the disk, as is well known, following the work of Novikov-Page-
Thorne. But many aretion disks are now understood to be underlu-
minous (L < LEdd), while still putting large amounts of energy into the
jet. In this ase, the apparent eieny of jets driven by the innermost
aretion disk of a highly rotating Kerr blak hole (a∗ = 0.999999) an
reah 96 perent.
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1. Introduction
The idea of extrating energy from blak holes has been proposed by
Penrose thirtyve years ago and followed by a asade of energy extra-
tion models. Nowadays it is known that from almost all Ative Galati
Nulei (AGNs) whih harbour a supermassive (M > 105 ×M⊙) Kerr
blak hole, foused jets of hot gas shoot into spae at relativisti speed.
"How muh energy an these jets get from the blak hole or its aretion
disk?" is a question whih arises by itself.
2. Energy extraction from Kerr black holes
The Kerr solution (1963) of the Einstein's vauum eld equations de-
sribes the gravitational eld of a material soure at rest having mass
2and angular momentum. The angular momentum determines a physi-
ally signiant diretion, the axis of symmetry; onsequently the eld
annot be spherial as in the Shwarzshild solution but axial symmet-
ri. The geometrial units are G = c = 1, the metri has the signature
(-+++), the Greek indies range from 0 to 3, and the asterisk "*" refers
to the dimensionless parameters (divided by blak hole's mass) through-
out the paper.
The metri equation ds2 = gµνdx
µdxν in the ase of a stationary, axial
symmetri eld takes the form of
ds2 = gttdt
2 + 2gtφdtdφ+ grrdr
2 + gθθdθ
2 + gφφdφ
2
(1)
The Boyer-Lindquist oordinates (t, r, θ, φ) form a basis of the Kerr
spaetime, suh that the metri beomes
ds2 = −
(
1− 2Mr
Σ
)
dt2 − 4Mar sin
2 θ
Σ
dtdφ+
Σ
∆
dr2+
+Σdθ2 +
(
r2 + a2 +
2Ma2r sin2 θ
Σ
)
sin2 θdφ2 (2)
whereM is the mass of the blak hole, a = J/M is its angular momentum
per unit mass (0 ≤ a ≤ M) and the funtions ∆ and Σ are dened by
∆ = r2 − 2Mr + a2 and Σ = r2 + a2 cos2 θ.
Sine the metri oeients in Boyer-Lindquist oordinates are inde-
pendent of t and φ, both ζµ = ∂t and η
µ = ∂φ are the Killing vetors
of the metri, the timelike and axial, respetively, with Boyer-Lindquist
omponents (1,0,0,0) and (0,0,0,1), respetively.
The Kerr solution beomes a singular one, when both ∆ = 0 (grr →
∞) and Σ = 0. There are three possibilities: M2 < a2, M2 = a2,
and M2 > a2. The rst two ases are not of physial interest (Carroll
2004) and for the third ase the equation ∆ = 0 has two solutions r± =
M ±
√
M2 − a2, where both radii are null surfaes whih will turn out
to be horizons, the outer r+ and the inner r− ones. In the ase of the
Kerr metri the Killing vetor is spaelike at the outer horizon, exept
at the north (θ = 0) and south (θ = pi) poles, where it is null.
The lous of points where ζµζµ = 0 is known as the Killing horizon
(also alled the stati limit), gtt = 0.
The region between the Killing horizon and outer horizon is alled the
ergoregion. Inside the ergoregion no partile an stay at r, θ, φ xed.
They are dragged (the Lense-Thirring eet) in the same diretion as
the blak hole rotates, and follow a timelike world line ds2 > 0. These
partiles have aess to negative energy trajetories (Penrose proess)
whih extrat energy from the blak hole.
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Let us onsider the geodesi motion of a partile in the Kerr spaetime.
Sine the Kerr metri is independent of t and φ oordinates, there are
some onserved quantities for the free motion of a partile, whih are
assoiated with ζµ and ηµ; they are the spei energy (E† = E/m)
and spei angular momentum (L† = L/m) of a partile with mass m
orbits on the equatorial plane of a Kerr blak hole. But, the irular
orbits do not exist for all values of r and also the bound irular orbits
are not all stable. There is a peuliar radius, alled the radius of the
innermost stable orbit rms from whih the orbits of the partiles are no
longer stable. The value of rms∗ = rms/M depends only on the spin
parameter (a∗ = a/M , −1 ≤ a∗ ≤ +1) of the blak hole. For more
details see (Bekenstein 2004).
Accretion onto black holes. The aretion onto Kerr blak holes diers
from the aretion onto other objets; the absene of the stable irular
orbits between the innermost stable orbit and outer horizon implies a
rapid ow of matter in blak hole, and the presene of the frame-dragging
in the ergoregion suh that the spin of blak hole beomes a soure for
energy extration.
The Novikov-Page-Thorne model desribes the onversion of areting
mass into outgoing photon energy (Novikov and Thorne 1973, Page and
Thorne 1974, Thorne 1974) in the ase of a blak hole with a lassial
thin aretion disk lies in the equatorial plane of the hole, suh that as
the material of the disk spirals inward, releasing gravitational energy, a
negligible amount of this energy is stored internally. Almost all energy
is radiated away.
In this model a anonial blak hole is the one of spin parameter
limited at the value 0.998, by the eet of the photons, whih buer the
spin away from the extreme a∗ = 1 Kerr value.
The eieny of onverting the areting mass into radiation measured
at innity, and ignoring small orretions due to apture of photons by
the hole, is
η = 1−E†ms =
(
the spei binding energy of
the last stable irular orbit
)
(3)
where E†ms is the spei energy of a partile at the innermost stable
orbit.
The blak hole rotates faster, the higher eieny of blak hole, suh
that for the anonial blak hole the value of the eieny parameter
is around 0.32, lower than 0.42, the maximum value of the eieny
parameter obtained for an extreme Kerr blak hole (a∗ = 1), by this
model.
4Jets driven by accretion onto Kerr black hole. Quasars are one of the
most energeti astrophysial objets. They live at the enters of galaxies
and are manifestation of more general phenomenon of AGNs, whih also
inlude Seyfert galaxies, Blazars, Radio galaxies. As is well-known the
engines of AGNs are the supermassive blak holes and their jets (loud
Radio galaxies, Blazars) are assoiated to the high spin blak holes (a∗ ∼
1). Even though there is no opportunity to wath what is happening
when the jets are forming lose to the blak hole, there are two possible
energy soures, the "pure" rotational energy of blak hole (Semenov et al.
2004) and the aretion by releasing the gravitational energy of the disk
very lose to the blak hole. Let us onentrate on the last possibility.
The low luminosity of some AGNs (Yuan et al. 2002) ould be ex-
plained by onsidering the innermost part of the aretion disk to be
non-radiant (Donea and Biermann 1996), suh that the only energy-ow
out of the innermost disk is along the jets. The magneti elds of the
hole produe a torque on the disk and angular momentum is transported
from the aretion ow to the jets through the magneti stresses. The
mass ow rate into the jets is M˙jet = qmM˙D, where M˙D is the aretion
mass onto the hole and qm ≃ 0.05. In the following alulations the disk
is onsidered to be nearly Keplerian.
By these onsiderations, the onservation of the total energy-momentum
tensor (Page and Thorne 1974), in the ovariant sense ∇µT µν = 0, as-
soiated with the Killing vetors for the Kerr metri in Boyer-Lindquist
oordinates provide the following onservation laws:
The angular-momentum onservation law
d
dr
[(1 − qm)M˙DL†] = 4pir(JL† −H) (4)
where, L† is the spei angular-momentum of a partile in the disk, J is
the ux of energy-ow along the jet, H is the ux of angular momentum
(Li 2001) transferred from the blak hole to the disk by the magneti
elds, whih is given by the magneti torque produed by the blak hole
on the disk THD = 2
∫ r2
r1
2pirHdr, where the fator 2 aounts for the
fat that the disk has two surfaes.
The energy onservation law
d
dr
[(1− qm)M˙DE†] = 4pir(JE† −HΩD) (5)
where, E† is the spei energy of a partile in the disk and ΩD =
1/M(r
3/2
∗ + a∗) is the angular veloity of the aretion disk .
The Efficiency of Using Accretion Power of Kerr Black Holes 5
0.95 0.96 0.97 0.98 0.99 1
spin parameter
0
0.2
0.4
0.6
0.8
ef
fic
ie
nc
y
Figure 1. The apparent eieny η of jets driven by aretion disk as funtion of
the spin parameter a∗ of a Kerr blak hole.
The total energy ow along the jets to innity is given by
Ejet = 2
∫ r2
r1
2piJE†rdr =
∫ r2
r1
[
d
dr
((1− qm)M˙DE†) + 4pirHΩD]dr (6)
here, the fator 2 from the rst right-hand side of the equation aounts
for the fat that they are two jets. Considering the jets are formed lose
to the blak hole where the frame dragging proess takes plae, the inner
and outer radii of the above integral ould be taken as innermost stable
orbit and r2 = 2rg, the radius of the ergosphere, respetively, where
rg = GM/c
2
is the gravitational radius.
Assuming the disk is perfetly onduting (ZD → 0), the ux of angu-
lar momentum transferred from the blak hole to the disk by the magneti
elds is given by H = 18pi3r
(
dΨHD
dr
)2 ΩH−ΩD
(dZH/dr)
(Li 2002).
The eieny of the jets driven by aretion disk η is dened as the
ratio of the energy ow along the jets to the rest energy of the areting
mass
η =
Ejet
M˙D
(7)
Therefore,
η = (1− qm)[E†(r2)− E†(rms)] +
4pi
M˙D
∫ r2
rms
HΩDrdr (8)
Here, the seond term desribes the transfer of energy from the blak
hole to the disk, and then we assume it an go into jets; and so tapping
the energy of the blak hole's rotation implies additional energy for the
jets, so that the apparent eieny an be high.
6For an aretion rate M˙D below the Eddington (M˙Edd = 1.39 ×
1015(M/M⊙) kg s
−1
) rate, m˙ = M˙D/M˙Edd ≃ 0.13, as an example, the
value of eieny of jets driven by the disk is maximum ηmax = 0.9638
in the ase of a highly rotating Kerr blak hole of a spin parameter
a∗ = 0.999999 (see g. 1).
3. Conclusions
In this short paper we have tried to desribe the energy, mass and
angular momentum of a blak hole - aretion disk - jet system. We nd
that the eieny of suh a system putting energy from the aretion into
the jet is limited by Thorne's (Thorne 1974) bound of 42 perent, but
inluding the possible transfer of angular momentum and energy from
the blak hole to the inner disk and then to the jets an temporarily
inrease the apparent eieny to near 100 perent. Thus, observed jets
might represent suh stages of apparent high eieny.
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